Purpose: This study evaluates the correlation between corneal densitometry and epithelial ingrowth (EI) after laser in situ keratomileusis (LASIK).
pithelial ingrowth (EI) is a relatively common complication after laser in situ keratomileusis (LASIK) that can occur when epithelial cells grow in the interface between the flap and stromal bed. 1 The major clinical findings in patients with significant EI are photophobia, corneal haze, and foreign body sensation. It can lead to significant loss of vision from flap melt, irregular astigmatism, and scarring. [1] [2] [3] In the literature, the incidence varies from 0.03% to 9.1%. 1, [4] [5] [6] [7] Accurate tracking of EI progression can guide surgeons in their decision to relift the flap for scraping. It also helps in determining the frequency at which the patient needs to be monitored. Because it is a subjective assessment, the current method of assessment of EI through slit-lamp examination has several limitations and difficulties. To our knowledge, there is no objective method to monitor EI discussed in the literature.
Because EI involves opacification of the cornea, corneal imaging techniques could assess the loss of transparency where the ingrowth lies. It would be plausible that the Oculus Pentacam (Oculus Inc, Wetzlar, Germany) could assess those changes because it can obtain valuable biometric data from the anterior surface of the cornea to the posterior surface of the lens. 8 In this study, we investigated the correlation between the densitometry feature of the Pentacam and the severity of EI, with the goal of developing an objective method of monitoring this complication.
MATERIALS AND METHODS
We performed a retrospective study on 3 patients diagnosed with EI after either primary treatment or retreatment. All patients had primary LASIK treatment, retreatment, and/or follow-up treatment at the Boston Eye Group in Brookline, MA. All patients who had developed or presented with an EI between mid-2010 and early 2014 were selected for this study. Slit-lamp photographs were taken with a CSO (CSO, Firenze, Italy) camera and stored in the Reseevit (Ecliptic Inc, Fargo, ND) digital imaging software database. All data included in this study other than slit-lamp photographs and Pentacam examinations were collected through NextGen Healthcare Information Systems EHR (Horsham, PA). The study was approved by an Institutional Review Board of our institution.
For all but 1 case (case 1), Pentacam images were taken before initial LASIK surgery and subsequently during postoperative periods upon discovery of ingrowth. Each examiner ensured that images were obtained from each eye that met sufficient quality specifications. These included the appropriate analyzed area of the cornea, valid data (.95%), minimization of lost segments (,1%), and minimal 3D model deviation (,14%). In addition, appropriate fixation was necessary with minimal eye movement (,150) for usable data. For our study, we analyzed the densitometry maps on the Pentacam for separate visits for each patient. The map displays a color-scaled representation of the maximum densitometry values measured by the Pentacam across the full thickness of the cornea (anterior to posterior). The color scale was selected as 1.7% densitometry absolute. The colors ranged from light blue (complete transparency, densitometry = 1) to black (complete opacity, densitometry = 100) (Fig. 1) .
By hovering the cursor over suspected areas of ingrowth on the map, we were able to view the exact maximum densitometry at a specific point on the cornea. Each point has its own x and y coordinate value. Because the pupil center deviated slightly from the origin of the axis for each Pentacam image, we adjusted the coordinates for each point in subsequent visits to match the exact point on the cornea. Thus, we were able to look at a single point within opacity of the cornea and compare densitometry values for that point between visits.
For each area of ingrowth, we selected 4 points to compare between visits. One point was chosen at the densest region of opacity, which we hypothesized to correlate with the dense pearls seen on slit-lamp examinations. We also selected 3 additional points at the outer edges of opacity, which we suspected correlate with the leading edges of ingrowth. We recorded the densitometry values for each of these 4 points for each patient's preoperative visit (excluding case 1) and subsequent postoperative visits when ingrowth was noted. For each visit, all 4 of these points were added together to obtain the total densitometry value, which could be compared as well between visits.
RESULTS

Case 1
A 22-year-old female patient arrived for her primary visit with a history of microkeratome LASIK surgery in both eyes 1 year ago at a different facility. Slit-lamp examination showed a large amount of ingrowth superiorly, temporally, and inferiorly. She had an uncorrected visual acuity (UCVA) of 20/80 and a best-corrected visual acuity (BCVA) of 20/20 (with a refraction of +5.00, 22.50 · 136). Our surgeon scheduled a scrape for her next visit. Six weeks later, the patient underwent Pentacam and slit-lamp examination before her scrape (Fig. 1) . The surgeon partially lifted the flap and removed the ingrowth on both sides of the flap.
Two weeks after scraping was done, the patient developed photophobia. She had an UCVA of 20/502. Slit-lamp examination showed mild recurrence of EI. Seven weeks postscrape, slit-lamp examination showed that the new ingrowth was actively progressing in the 1-o'clock position. The patient had an UCVA of 20/40. Ten weeks after scraping, slit-lamp examination showed that the density of the new ingrowth had progressed at the 1-o'clock position, and the surgeon decided to ablate the stromal interface area connecting the ingrowth to the edge of the flap with a YAG laser. Nine months after the YAG procedure, the patient had no complaints about her vision, and no active EI was noted on slit-lamp examination with a UCVA of 20/25 in the right eye.
For our retrospective analysis, we isolated the regrowth that occurred at the 1-o'clock position on both Pentacam densitometry maps and slit-lamp photographs (Fig. 1) . The original points were selected for the 7-week postscrape visit (labeled postoperative 2) because the regrowth was actively progressing and appeared high in density on slit-lamp examination. We then compared the maximum densitometry values for these points with the values selected for the same points for the prescrape visit (same day), the 2-week postscrape visit (postoperative 1), and the 9-month post-YAG visit (postoperative 3).
The highest densitometry value for a single point occurred at point C for postoperative 2 before the YAG procedure was performed (73.3). This correlates with the highest opacity observed in the slit-lamp photograph on the same visit. The lowest values for all 4 points occurred during the prescrape visit, before the regrowth had occurred in the selected area. These findings are also confirmed by the total densitometry, with the highest and lowest values occurring at postoperative 2 and prescrape, respectively. Between the pre-YAG and post-YAG visits, the densitometry at point C declined significantly (240%), correlating with the improvement observed between the visits in the slit-lamp photographs.
Case 2
A 51-year-old female patient had retreatment after undergoing primary hyperopic LASIK 2 and a half years before. She had a preoperative BCVA of 20/20 in both eyes (right eye: +0.50 20.25 ·25, left eye: +1.50 20.50 ·110). No flap or excimer events occurred during the procedure for either eye. The day after the procedure, her UCVA was 20/20 in both eyes.
Six weeks later, new EI was noticed on slit-lamp examination temporally in her left eye. Her UCVA at this point was 20/25 in the left eye, and her BCVA was 20/20 in the left eye (+0.50 2 0.50 · 180). Five months after retreatment, ingrowth was seen nasally and temporally. The patient had an UCVA of 20/40 in the left eye and a BCVA of 20/202 (+0.50, Sph). Because the patient was doing well, no intervention was done at this point.
Nine months postoperatively, the ingrowth appeared stable in both locations. The patient had an UCVA of 20/ 202. One year and 6 months after retreatment, new ingrowth was noticed centrally upon slit-lamp examination along with the temporal and nasal ingrowths. The patient reported blurry vision. The surgeon decided to monitor the ingrowth closely and elected not to intervene surgically.
We analyzed densitometry values in 2 isolated locations: the temporal ingrowth and the later-onset central ingrowth. For the temporal ingrowth, the highest values for all points occurred on the last postoperative visit. This correlates with the highest opacity observed on slit-lamp examination (Fig. 2) . The lowest values for all points occurred preoperatively, before any ingrowth was present. These findings are also affirmed by the total densitometry, with the highest and lowest values occurring on the last postoperative visit and the preoperative visit, respectively.
The central ingrowth appeared much more scattered than the more contained temporal ingrowth with a clear pearl of high density. Thus, we selected a point C at one of the higher density opacities shown on the densitometry map for the last postoperative visit, and 3 other points at the edges of the ingrowth area superior to the pupil center (Fig. 3) . The lowest values for each individual point and the total densitometry occurred during the preoperative visit, whereas the highest values for each point and total densitometry occurred during the last postoperative visit. One month after retreatment, mild EI in the right eye was noticed on slit-lamp examination, without any complaint from the patient. UCVA was 20/802, and BCVA was 20/302 (+0.50 20.50 ·070). Six and a half months after retreatment, the patient had an UCVA of 20/202, but was still complaining of cloudy vision in his right eye. Ingrowth was noted at the 5-o'clock position. The surgeon decided to lift the flap and mechanically remove the ingrowth. Five days after scraping, the patient had no complaints about his vision and was doing well. Slit-lamp examination showed no active ingrowth.
Seven and a half months after retreatment on his right eye, the patient had an UCVA of 20/152 in the right eye, but complained of blurry and blotchy vision in his right eye. The flap was lifted a second time, and the EI was scraped and irrigated from the flap and stroma. A year and a half after initial retreatment in his right eye, the patient had an UCVA of 20/20. No further intervention was needed for this patient after this point.
Point C was selected where the central density appeared the highest on the last postoperative visit. Points 1 to 3 were selected on the first postoperative visit to see how the leading edges progressed through future visits. A slit-lamp photograph was available only for the 8-month postoperative visit (Fig. 4) .
The highest maximum densitometry at a single point occurred at point C during the last postoperative visit, as did the highest total densitometry due to increased scarring. The lowest values for all 4 points occurred during the preoperative visit, as did the lowest total densitometry.
DISCUSSION
EI after LASIK is currently monitored by subjective examination through either slit-lamp examinations or photographs. Slit-lamp examination is limited by the subjective bias of the viewer and imprecision of manually drawn diagrams. Serial photographs can be misleading because of the orientation of the incident lighting and are not always able to capture subtle areas of progression. To our knowledge, this is the first report of an objective method to guide management of EI after LASIK.
The densitometry map generated by the Pentacam is a color-scaled representation of the maximum densitometry throughout a 12-mm radius of the full thickness of the cornea. A study by Otri et al 9 found that healthy corneas have a maximum densitometry value of 19 6 4.4, which fell close to our preoperative values that ranged from 21.8 to 27.2. The flap edge was usually green, most likely having higher densitometry values because of minor fibrosis and scarring that occurs at the flap edge after primary treatment. 10 The peripheral edges of the cornea had spikes of very high densitometry (close to black), most likely due to inclusion of the limbus in the image. At early stages, ingrowth was visible as a green-to-yellow isolated area superimposed onto the blue background (Figs. 1-4) . As the ingrowth progressed and central pearls developed, the central colors of the ingrowth shifted to orange and red. At their peak density, the pearls shifted to purple, gray, and sometimes black. The color scheme of the central pearls in the area of the ingrowth seems to provide a better measure compared with the slit-lamp examination, which is limited to a subjective assessment of whitish-gray opacities observed in an otherwise clear cornea.
Maximum densitometry values at points selected on suspected areas of EI on the densitometry map of the Pentacam seem to correlate with the degree of opacity observed on corresponding slit-lamp photographs and examinations. For all cases in our study, the highest densitometry for a single point always occurred at point C during the visit that corresponded to highest opacity seen on a slit-lamp photograph for that patient. In addition, when the central pearls clearly increased in opacity between visits in the slitlamp photographs, there was a substantial increase in maximum densitometry at point C between those visits. In case 1, there was a 75.4% increase for point C between postoperative 1 and postoperative 2, whereas in case 3, there was an 89.4% increase for point C between postoperative 1 and postoperative 2. The opposite was also true for improvement of ingrowth, as was previously discussed for case 1. It must be noted that an increase in density may indicate scarring development 10 rather than progression of the ingrowth. This is evident in case 2. This obstacle requires that the observer be adept at recognizing scarring to interpret the densitometry data cautiously. Further densitometry studies may allow better differentiation of live epithelial cells from scarring. The latter will lower the index of suspicion for progressive ingrowth and lead to less frequent follow-up visits. The densitometry maps in several visits showed evidence of possible artifacts that may have been caused by several unknown factors. The map for patient 1 at week-2 postscrape visit shows a light blue strip (very low densitometry) within the area of green opacity (Fig. 1) . We interpreted this artifact as an area of lost data for this visit and did not select any points within it. As discussed above, the Pentacam is limited by the quality of the image that can be obtained, which can be influenced by excessive blinking or loss of fixation by the patient. Another limitation of the study is the small number of patients. Future studies with a larger series and various stages of ingrowth should further validate this approach. Other methods such as high-precision anterior segment OCT and high-resolution ultrasound may better describe or be used as adjunctive tools to further define the extent of the cellular infiltration. 10 In 2 of our cases, our study shows that the densitometry map reveals characteristics of the ingrowth not obvious on slit-lamp photographs. In case 1, the ingrowth at the 1-o'clock position was not detected on slit-lamp examination at the 2-week postscrape visit, whereas the densitometry map clearly shows an area of opacity moving toward the visual axis (Fig. 1) . The slit-lamp photograph displayed shows only faint demarcation of ingrowth in that area that was especially hard to detect for this patient because she had a large amount of surrounding scarring/other ingrowth that had been removed from underneath the flap. Similarly for case 2, the central ingrowth was not detected until the 18-month postoperative visit, but the densitometry map at the 9-month postoperative visit reveals a yellow-green area of opacity moving toward the visual axis from the superior edge of the flap (Fig. 3) . For this case, the slit-lamp photograph we have corresponding to the 9-month visit fails to reveal any central opacity, which suggests that the Pentacam detected grade 1 ingrowth before it was clearly visible to the examiner.
In conclusion, we have shown that densitometry can be a useful modality for measuring and monitoring EI after LASIK. It is a more objective assessment of LASIK EI that can guide the surgeon to a better assessment of the clinical threat the cells pose. Proliferating epithelial cells in the LASIK interface can lead to flap melting and/or scarring. Densitometry may allow earlier intervention in these cases. Depending on the densitometry measurement, the surgeon can follow the rate of progression and decide on the frequency of follow-up examinations or surgical intervention. Detecting the focal increase in densitometry may prompt the surgeon to further scrutinize the cornea allowing early detection of a condition that may lead to flap melt, scarring, and irregular astigmatism potentially resulting in loss of vision.
